Pure carbon-(C), nitrogen-(N) and titanium-(Ti) doped diamond-like carbon (DLC) coatings were deposited on silicon (Si) micro-molds by dc magnetron sputtering deposition to improve the tribological performance of the micro-molds. The coated and uncoated Si molds were used in injection molding for the fabrication of secondary metal-molds, which were used for the replication of micro-fluidic devices. The bonding structure, surface roughness, surface energy, critical load and friction coefficient of the DLC coatings were characterized with micro-Raman spectroscopy, atomic force microscopy (AFM), contact angle, microscratch and ball-on-disc sliding wear tests, respectively. It was observed that the doping conditions had significant effects on Raman peak positions, mechanical and tribological properties of the coatings. The G peak shifted toward a lower position with N and Ti doping. The DLC coating deposited with 1 sccm N 2 flow rate showed the lowest G peak position and the smoothest surface. The surface energies of the pure carbon and Ti-doped DLC coatings were lower than that of the N-doped DLC, which was more significant at a higher N 2 flow rate. In terms of adhesion and friction coefficient, it was observed that the Ti-doped DLC coating had the best performance. Ti incorporated in the DLC coating decreased the residual stress of the coating, which improved the adhesive strength of the coating with the Si substrate.
Introduction
A combination of low friction, high wear resistance, high hardness, good biocompatibility and high chemical inertness [1] [2] [3] makes diamond-like carbon (DLC) coatings suitable for a number of applications such as protective coatings for heart valves, inkjet printer cartridges, prostheses and magnetic rigid discs [4, 5] . These coatings are hydrophobic with a relatively low surface energy [6, 7] .
However, a few disadvantages of DLC coatings can derail certain applications. For example, high internal stresses of DLC coatings lead to poor adhesion of the coatings to some substrate materials (e.g., steels) [8, 9] , which also restricts the thickness of the coatings. Many researchers have doped DLC with different impurities to address this issue [10, 11] .
By doping nitrogen into DLC coatings, the bond structure, tribological behavior, surface energy, roughness and adhesive strength of the coatings can be modified. By doping Ti, it is possible to form nanocrystalline titanium carbide which can strengthen DLC coatings [12] . The physical and mechanical properties of DLC coatings are strongly affected by their chemical and structural conditions, such as relative fractions of sp 2 and sp 3 bonding and concentrations of doping elements in the coatings [13, 14] .
The surface of an ideal micro-mold should have low adhesion and friction coefficient along with high hardness and excellent wear resistance. With these regards, DLC coatings with superior properties become a promising candidate for protective coatings. For example, an Si wafer having a favorable surface smoothness could be used to make microfluidic devices or secondary micro-molds. However, an Si mold typically has a short lifetime because of its high brittleness, adhesion and friction.
This work aims to improve the surface properties of silicon micro-molds that are to be used for the fabrication of microfluidic devices or secondary micro-molds by hot embossing [15, 16] or injection molding [17] [18] [19] [20] . A micromold can have a large ratio of surface area to volume, which makes it particularly vulnerable to adhesion to molded products or adjacent structures during release [21] . A major design constraint for micro-molds is their inability to withstand a prolonged sliding surface contact, which means that a short functional lifetime of these devices is induced by high sidewall friction or high cohesive energy of the counterparts in contact [22] . Side-wall friction is the most dominant force in the demolding step of hot embossing or injection molding process for devices with micro features.
Experimental details

Fabrication of silicon micro-molds
Micro-patterns were fabricated into silicon wafers by deep reactive ion etching (DRIE). The Si wafers were first spin coated with a positive photoresist (AZ9260) layer of about 10 μm thick for 50 s, then baked at 110
• C for 240 s, and further placed in contact with a mask. The wafers covered with the mask were exposed to a UV light of 365 nm wavelength at 9.3 mW cm −2 for 30 s. The patterns in the photoresist layers were developed by immersing them in a developer (AZ400K) for 80 s and then washed in DI water for 60 s followed by spin drying at 800 rpm for 120 s. The patterns were transferred into the Si wafers by ion etching and finally the Si molds were cleaned in acetone.
Deposition of DLC coatings
DLC coatings were deposited on the Si micro-molds by dc magnetron sputtering (Penta Vacuum). Before the Si substrates were introduced into the deposition chamber, they were cleaned and degreased by successive rinses in ethanol and deionized water alternately for seven to eight times. The substrates were then cleaned in an ultrasonic bath with ethanol for 20 min at 30
• C. Prior to coating deposition, the sputter targets and Si substrates were further cleaned with Ar plasma for 20 min at a pressure of 10 mTorr and a substrate bias of −250 V in the deposition chamber.
All the depositions were carried out at a pressure of about 3 mTorr and an RF (13.56 MHz) bias of −40 V applied to the substrates under a DC sputter power of 650 W applied to a 4 inch graphite target (99.99% C). The substrate holder was rotated at 33 rpm and the Ar gas flow rate was kept constant at about 50 sccm during the sputtering processes. Four different DLC-coated samples were prepared by controlling deposition conditions, i.e., pure carbon DLC (DLC pure ) deposited with the above-mentioned deposition parameters, nitrogen-doped DLC with 1 and 11 sccm N 2 flow rates (DLC:N 1sccm ) and (DLC:N 11sccm ), and titanium-doped DLC (DLC:Ti) deposited by co-sputtering a pure Ti target (99.99% Ti) under a DC power of 30 W. All the DLC coatings were about 200 nm thick. 
Characterization
Raman spectra of the DLC coatings were recorded from 800 to 2000 cm −1 with a micro Raman spectrometer using a He-Ne 633 nm laser and fitted with Gaussian profiles, from which the peak position, amplitude and full width at half-maximum (FWHM) for each band were determined. The intensity ratio of D peak to G peak (I d /I g ) was used to signify the sp 3 /sp 2 ratio in the coatings. The coating thicknesses were measured by a KLA-Tencor profiler.
Atomic force microscopy was used in tapping mode to study the surface morphology and roughness of the coatings under ambient atmospheric condition with a scanning rate of 0.7 Hz and a scan area of 20 μm × 20 μm.
Contact angles were measured with DI water and ethylene glycol droplets to determine the surface energies of the DLC coatings and the Si substrate.
Scratch tests were performed using a microscratch tester (SST-101, Shimadzu) with a diamond tip of 15 μm radius to measure the critical loads of the coatings, where the diamond stylus was pulled over the sample surface in a progressive loading mode with a scratch rate of 10 μm s −1 . The scratch profiles were then studied using scanning electron microscopy (SEM).
The friction coefficients of the DLC coatings were measured by using a ball-on-disc microtribometer (CMS TM ) at room temperature. A silicon carbide ball of 6 mm diameter slid on each sample surface for 250 laps. For all the tests, the sliding speed and normal load were 5 cm s −1 and 1 N, respectively.
Results and discussion
The Raman spectra of the DLC coatings are fitted with two Gaussian peaks at around 1550 cm −1 (G band) and 1350 cm 1550 cm −1 is due to in-plane lattice vibration of sp 2 bonds. With increased structural imperfection of the graphite zone, a low-frequency modulus corresponding to the disordered zone becomes active at around 1350 cm −1 termed as a D peak [23] that is not present in perfect single crystal graphite. D and G peak intensity ratio, G peak position and full width at half-maximum (FWHM) of different coatings are presented in figure 2. The G peak position varies from about 1571 cm
for DLC pure to 1546 cm −1 for DLC:N 1sccm , while it is shifted to about 1566 cm −1 and 1558 cm −1 for the DLC:N 11sccm and DLC:Ti coatings, respectively. These shifts are caused by a change in sp 3 fraction [24] . The downshift of the G peak toward lower positions indicates a decrease in the fraction of graphite, i.e. the sp 3 fraction in the coatings increases. Therefore, the sp 3 content in the DLC coatings is in the order of DLC:N 1sccm > DLC:Ti > DLC:N 11sccm > DLC pure .
The FWHM of the G peak increases with decreased G peak position, i.e., an increase in disorder of the graphite zone as shown in figure 2, which is related to the cluster size [25] , i.e., an increase in G-peak position suggests an increase in cluster size in the DLC coatings.
A relative intensity ratio of I d /I g is generally a measure for the zone edges or border phonons of carbon clusters, which depends on cluster size and distribution. The relation between cluster size and I d /I g ratio is presented by the following equations:
where L α is the sp 2 cluster size of the top surface and C(λ) depends on the excitation wavelength due to resonance effect. For a fixed Raman excitation wavelength C(λ) is a constant.
Equation (1) is valid for clustering of sp 2 up to 2 nm. It is estimated that when a cluster size is smaller than 1 nm the FWHM of the G peak would be more than 50 cm −1 [26, 27] and FWHM is inversely related to the cluster size. Therefore equation (1) is applicable as the lowest G peak FWHM is about 138.7 cm −1 . With reference to figure 2, the cluster size of coatings is in the order of DLC:N 1sccm < DLC:Ti < DLC:N 11sccm < DLC pure , which follows a similar trend to that of the G peak position. The amount of sp 3 content promotes stress in the coatings, which prevents the formation of large clusters in the coatings [26, 28] .
A very symmetric Raman spectrum is observed for the DLC:N 1sccm coating, which is followed by that of the DLC:Ti, and the most asymmetrical Raman spectrum is observed for the DLC pure coating. A symmetric band indicates a higher percentage of sp 3 bonds in a DLC coating [29] . These results also indicate a similar manifestation of the G peak position. A second order Si Raman peak is observed at around 900 cm −1 as shown in figure 1(b) .
The thickness of the DLC coatings used in this study is around 200 nm.
The surface roughness (Ra) of the coatings is measured by AFM. The average roughness values of the coated samples are presented in figure 3 in the order DLC:N 1sccm < DLC:Ti < DLC:N 11sccm < DLC pure , which are all slightly higher than that of the bare Si substrate (∼1.33 nm). The variation of the surface roughness follows the same trend as that of the cluster size, that is a function of the residual stress generated in the DLC coatings. The stress in a DLC coating increases with increased sp 3 fraction, which prevents the formation of large clusters thus leading to a smoother surface [26, 28] .
To determine the quality of the DLC layers coated on the Si micro-molds, the surface energy is measured on both coated and uncoated molds with a contact angle method using DI water and ethylene glycol. Contact angles are measured five times for each sample and the average values were used to calculate surface energies as shown in figure 4 . The measured water contact angle on the DLC pure coating is about 66.61
• . It is noted that after incorporation of a small percentage of N in the DLC:N 1sccm samples, the contact angle decreases to about 56.22
• , which is almost the same as the bare Si mold. The DLC:N 11sccm coating becomes more hydrophilic with the addition of a larger amount of N. Water being a polar component is attracted by polar N due to polar-polar attraction, leading to a decrease in contact angle with an increase in N percentage. A hydrophobic surface is characterized by having a contact angle greater than 70
• . The DLC:Ti coating shows a hydrophobic characteristic, as its contact angle is about 74.92
• .
The relation between surface energy and contact angle is presented by the well-known Young equation [30] 
where γ sv and γ lv are the free energies of the solid and liquid against the saturated vapor, i.e. solid and liquid surface energies, respectively, γ sl is the free energy of the interface between liquid and solid, π e is the equilibrium pressure of the adsorbed vapor on the solid that can be assumed to be zero, and θ is the contact angle between solid and liquid. Surface and interface energies have two components, i.e. dispersive (d) and polar (p) components:
The dispersive and polar components of the interfacial tension between solid and liquid are related to the dispersive and polar components of surface energies by the following equations [31] ,
After combining equations (4)- (8) work, DI water and ethylene glycol are used to measure the contact angles with the values shown in table 1 [32] . The total surface energy is then calculated by summing them. The measured contact angles and surface energies using the two liquids are presented in figures 4(a) and (b). A large polar component of about 64 dyne cm −1 is observed from the DLC:N 11sccm , followed by the DLC:N 1sccm with 38.94 dyne cm −1 . This means that the polar component increases significantly with the increase in N content in the coatings. The DLC:Ti has the smallest polar component that is about six times smaller than that of the DLC:N 11sccm coating. Figure 4 represents interesting relationships among energies and contact angles, as both water and ethylene glycol contact angles follow a similar trend for all the samples. The polar component of the surface increases energy with a decrease in contact angle but the dispersive component varies inversely with the water contact angle. However, the total surface energy follows a very similar trend to the polar component, which means that the polar component has a stronger effect on the total surface energy compared to the dispersive component.
In figure 5 , the SEM micrograph shows a scratched surface of the DLC:Ti coated sample, from which the critically scratched location can be found. Different scratch features and critical loads are observed for different samples under the same scratching conditions. A large amount of chips and spalling is observed from the DLC 1sccm and DLC:Ti coated samples, which indicates that these coatings are hard and brittle. At the same time, spalling from the side is also observed from these coatings. However, the DLC pure samples have no such significant chipping and side spallation. The critical loads of the samples as presented in figure 3 are in the order of DLC:Ti > DLC pure > DLC:N 11sccm > DLC:N 1sccm , which also indicates the order of the adhesive strengths of the coatings with the Si substrates. This can be explained by the residual stresses existing in the coatings. The stresses in the coatings arise from structural-mismatch-induced stresses, growth-induced stresses or thermal stresses. Structuralmismatch-induced stresses can be neglected for amorphous DLC coatings. Growth-induced stresses come from an increase in density of DLC coatings, which are induced by the conversion of local bonding to sp 3 bonds. With an increase in tetrahedrally directed sp 3 orbitals in DLC-coated materials, stresses inside the coatings increase monotonically [33] . Thermal stresses arise from different coefficients of thermal expansion (CTE) between coatings and their substrates, when the coatings are deposited at elevated temperatures, e.g. around 100
• C. The thermal stresses (σ final ) generated in the coatings can be determined using the following equation [34] :
where α f and α s are the CTEs of coating and substrate, respectively; σ 0 is the initial stress that can be considered as zero during deposition; E and ν are Young's modulus and Poisson's ratio of coating respectively, which are almost constant. Therefore, the thermal stresses of the coatings mainly depend on the difference in CTE (α f − α s ) and α f depends on the ratio of sp 3 to sp 2 bonds in the DLC coatings. With an increase in sp 3 content in the coatings, (α f − α s ) is also increased, causing higher stresses in the coatings [35] . Ti doped in the DLC coatings can form TiC nanocrystals [36] , which provide smaller (α f − α s ) to reduce stresses [28, 37] and induce a higher critical load.
Surface phenomena become more significant for a micromold as its dimensions scale down and the surface-to-volume ratio becomes very high. In this case forces associated with the mold surface, such as adhesive and friction forces, become dominant in the performance of the micro-mold. The problems with low yield, reproducibility, premature failure and limited lifetime of a mold are caused by high friction coefficient and surface adhesion generated during demolding. The problems mentioned above can be tackled by using anti-sticking and lubricating DLC coatings.
The friction coefficients of different surfaces sliding against an SiC ball are presented in figure 6 . At the beginning, the friction coefficient of each sample reaches a peak value very fast and then stabilizes till the end of the testing. A similar trend was also reported in the literature [38, 39] . These tests provide an indication of a potential reduction in the friction of the DLC-coated Si micro-molds as compared to the uncoated ones. (0.14) > DLC:Ti (0.13). The friction coefficient decreases with an increase in sp 2 content in the coatings due to the lubricating effect of the graphitic clusters in the coatings. The lowest friction coefficient is observed from the DLC:Ti coating because of its smoother surface.
To test the performance of these DLC coatings for microreproduction, a series of stainless steel molds was produced by powder injection molding against a coated Si master mold. In this study, both uncoated and DLC-coated Si micro-molds were used as a master mold used in an injection molding process [17] to study their molding performance. Stainless steel (SS) powders of about 2 μm in particle size mixed with a binder were used as a feedstock for making secondary micro-molds. Figure 7 (a) illustrates a replicated secondary SS micro-mold with imprints of 100 μm in width and 100 μm in depth, which has two critical locations such as rounded corners (part A) and triangular intersection (part B). As the side wall roughness of the Si master molds created during reactive ion etching is relatively high [40] at the curved surfaces of these locations, the adhesion and friction are also high, leading to a distortion of the secondary SS micro-mold (product). The SEM micrographs of these critical locations of the secondary SS micro-molds replicated from the uncoated and DLC coated Si master micro-molds are shown in figures 7(b)-(e).
The uncoated Si master mold was successfully used for fabricating seven secondary SS micro-molds. An improper replication in locations A and B with debris is observed from the eighth secondary SS mold as shown in figures 7(b) and (c), which indicates a failure of the uncoated Si master micro-mold.
Figures 7(d) and (e) illustrate the eighth secondary SS micro-mold replicated from the DLC-coated Si micro-mold, which shows a perfect replication with very sharp edges and without debris. The DLC-coated Si master micro-mold is used successfully for making 34 secondary SS micro-molds without any defects, i.e. the DLC coating has increased the lifetime of the Si master mold by about three times. The above results imply that the DLC coatings can find successful application in replication technology by reducing demolding forces between micro-mold insert and polymer replica. 
Conclusions
The bond structure, friction coefficient, surface roughness, critical load and surface energy of DLC-coated Si micro-molds were investigated. It was observed that the presence of small amounts of N and Ti in the DLC coatings caused a downshift of Raman spectra toward lower wave numbers and a decrease in the I d /I g ratio, which indicated an increase in sp 3 fraction in the coatings. The surface energy of the DLC coatings studied by measuring the contact angles of both water and ethylene glycol increased with N incorporation in the coatings. The Ti-doped DLC coating was more hydrophobic in nature and had the lowest surface energy of about 35.13 dyne cm −1 . The highest and lowest critical loads were measured from the DLC:Ti (384 mN) and DLC:N 1sccm (353.5 mN) coatings, respectively. The friction coefficient of the DLC-coated Si micro-molds decreased with increased sp 2 content in the coatings. The DLC:N 1sccm showed the smoothest surface (Ra 1.5 nm) among the coated samples. The DLC-coated Si master micro-molds were successfully used in an injection molding process with a better operation performance for production of secondary stainless steel micro-molds in terms of replication and lifetime as compared to the uncoated Si master micro-molds. Because of the superior properties of the DLC-coated Si micro-molds they might be directly used in polymer embossing.
